Desensitization plays an important role in the rapid termination of G-protein signaling pathways. This process, which involves phosphorylation by a G-protein-coupled receptor kinase (GRK) followed by arrestin binding, has been studied extensively in the rod photoreceptor cell of the mammalian retina. In contrast, less is known regarding desensitization in cone photoreceptor cells, which occurs more rapidly than in rod cells. Recently, our laboratory has cloned a novel GRK family member, GRK7, from the retina of a cone-dominant mammal, the 13-lined ground squirrel. Here we report the cloning of GRK7 from rod-dominant pig and human retinas, suggesting that this kinase plays a role in human visual signaling. Because GRK1 (rhodopsin kinase), the GRK that mediates rhodopsin desensitization in the rod cell, is reportedly expressed in both rods and cones, a detailed comparison of the localization of the two kinases is a necessary step toward determining their potential roles in cone visual signaling. Immunocytochemical analysis using antibodies selective for these two GRKs unexpectedly demonstrated species-specific differences in GRK7 and GRK1 expression in cones. In pigs and dogs, cones express only GRK7, whereas in mice and rats, we detected only GRK1 in cones. These results suggest that either GRK7 or GRK1 may participate in cone opsin desensitization, depending on the expression pattern of the kinases in different species. In contrast, GRK7 and GRK1 are coexpressed in monkey and human cones, suggesting that coordinate regulation of desensitization by both kinases may occur in primates.
Rapid termination of G-protein signaling is critical for acute regulation of neuronal pathways initiated by G-protein-coupled receptors (GPCRs). This process is partly regulated by desensitization, a series of events involving phosphorylation of the ligand-activated GPCR by a G-protein-coupled receptor kinase (GRK) followed by the binding of a member of the arrestin family (Krupnick and Benovic, 1998) . As a result, the receptor is no longer sensitive to ligand. Defects in desensitization have been implicated in several pathological conditions, including drug addiction, hypertension, and retinal disease (Pitcher et al., 1998) .
Analysis of the phosphorylation of rhodopsin, the light receptor of the rod photoreceptor cell, by rhodopsin kinase (GRK1) and the subsequent step of arrestin binding have led to a basic understanding of the mechanism of GPCR desensitization (Fain et al., 2001 ) and provided insight into its role in visual signaling in rod cells. In contrast, the process of desensitization is not well characterized in cone photoreceptor cells because these cells comprise Ͻ15% of the photoreceptor cell population in most mammalian retinas. Cones are less sensitive to light than rods and recover more rapidly after light exposure (Baylor, 1987; Yau, 1994) , suggesting that the mechanism of desensitization may be different in rods and cones. Although isoforms of many rod cell proteins implicated in visual signaling are found in cones and appear to have similar functions, a GRK that phosphorylates the cone opsins in the retina has not been identified. A novel GRK, GRK7, was recently cloned by our laboratory from the retinas of a cone-dominant mammal, the 13-lined ground squirrel (Weiss et al., 1998) , and from fish, reptile, and amphibian retinas (Hisatomi et al., 1998) . GRK7 phosphorylates rhodopsin in vitro in a lightdependent manner (Weiss et al., 1998) , indicating that it is a GRK family member. Interestingly, several laboratories have reported that the rod cell GRK, GRK1, is also expressed in cones Lyubarsky et al., 2000; Sears et al., 2000) , suggesting that GRK1 may mediate opsin desensitization in cones. In addition, knock-out mice lacking GRK1 show defects in cone cell recovery after light exposure (Lyubarsky et al., 2000) . A comprehensive, comparative analysis of GRK7 and GRK1 expression is a critical step in defining the functions of these two GRKs in the retina.
In the present study, we report the cloning of GRK7 from rod-dominant human and pig retinas and have analyzed the expression patterns of GRK7 and GRK1 in rod-and cone-dominant retinas. We detected GRK7 in the cones of all species that we examined except mice and rats. GRK1 is expressed in cones in these two species but was not detected in cones in dog and pig retinas. In contrast, GRK7 and GRK1 are coexpressed in the inner and outer segments of monkey and human cones. Therefore, the kinase that participates in cone opsin desensitization may differ, depending on the expression pattern, in different species. In primates, because GRK7 and GRK1 are coexpressed in cones, they both have the potential to play a role in cone opsin desensitization. These results have important implications for understanding the effects of previously described GRK1 mutations on photoreceptor cell desensitization in inherited retinal diseases.
MATERIALS AND METHODS

Cloning of pig and human GRK7
Pig and human GRK7 were cloned from retinal RNA using a Rapid Amplification of cDNA Ends (R ACE) strategy. The sequence of the f ull-length pig GRK7 cDNA was obtained by extending the 5Ј and 3Ј nucleotide sequences with primers anchored within a cDNA fragment (345 bp) of pig GRK7 cloned previously by our laboratory (Weiss et al., 1998) . Advantaq polymerase and the SM ART R ACE cDNA Amplification kit from C lontech (Palo Alto, CA) and the 3Ј R ACE System kit from Life Technologies (Rockville, MD) were used for this purpose. The primers UPM (C lontech) and 5Ј-GTGAAGC TTTGGTGTTGGAAT C TGACC TC TTC TTTCAGTGTTC -3Ј (reverse complement of the pig cDNA nucleotide sequence 1321-1363) were used for extension of the 5Ј end of the pig cDNA. The primers 5Ј-AGCATTTATGAAATGG TCGC TGGACGAACACC -3Ј (nucleotides 1242-1273 of the pig cDNA sequence) and AUAP (Life Technologies) were used for extension of the 3Ј end of the pig cDNA.
To clone the human GRK7 cDNA, a 172-base fragment was amplified from human retina Marathon-Ready cDNA (C lontech) by PCR using the primers, 5Ј-AGCATTTATGAAATGGTCGC TGGACGAACACC -3Ј and 5Ј-GC TC TGGTGTC TTAGCCAAGAAGAGTC TGC -3Ј, corresponding to the pig GRK7 cDNA sequence (nucleotides 1242-1273 and the reverse complement of nucleotides 1384 -1413, respectively). The 5Ј sequence was extended using AP1 (C lontech) and 5Ј-GC TTCC TC TGTGAAGTTATCATGC TGGAATTTGACC TCG-3Ј (the reverse complement of nucleotides 1314 -1352 of the human GRK7 cDNA sequence). For 3Ј extension, 5Ј-GGAACCAATGGTTACATGGC TCC T GAGATCC TAATGG-3Ј (nucleotides 1138 -1174 of the human GRK7 cDNA sequence) and AP1 were used. The cDNA sequences for human and pig GRK7 were submitted to GenBank and given the accession numbers AF282269 and AF282270, respectively.
Chromosomal localization of GRK7
T wo primers, 5Ј-AAGCCC TCGGAC TGCGACAGCAAAGAGCTG-3Ј (nucleotides 145-174 of the human GRK7 cDNA sequence) and 5Ј-GCTCCCAGTTCTGCACGTCCTCTAGGAAGG-3Ј (reverse complement of the human GRK7 cDNA nucleotide sequence 338 -367) were submitted to Research Genetics, Inc. (Huntsville, AL) for mapping the chromosomal location of human GRK7 by radiation hybrid analysis.
Antibodies
Antibodies were generated against synthetic peptides L N DPN RP-AGCGEGNS (amino acids 530 -544) and L N DPN RPSGDGKGDS (amino acids 525-539), corresponding to a region near the C terminus of pig and 13-lined ground squirrel GRK7, respectively (see Fig. 1 ). There is little homology between GRK7 and other GRK s in this region. The synthetic peptides were conjugated to K L H through a cysteine residue added to the N terminus of each peptide. The antibodies were generated in rabbits and affinity purified against peptide conjugated to bovine serum albumin (BSA) (Quality Controlled Biochemicals Division, Biosource International, Hopkinton, M A).
Several antibodies that recognize GRK1 were tested for crossreactivity with GRK7. D11, a monoclonal antibody that recognizes an N-terminal fragment of human GRK1 (Z hao et al., 1998) , was found to be specific for GRK1 by Western blot analysis (see Fig. 2 ) and immunocytochemistry (data not shown). Therefore D11 was used for our studies.
This antibody was kindly supplied by Dr. Krzysztof Palczewski (University of Washington, Seattle, WA). Rabbit polyclonal antibodies against human red /green and blue opsins were supplied by Dr. Jeremy Nathans (The Johns Hopkins School of Medicine, Baltimore, MD). The antirhodopsin monoclonal antibody, R2-15N, was a gift from Dr. Paul Hargrave (University of Florida, Gainesville, FL). The monoclonal antibodies C OS-1 and OS-2, which recognize the red /green and blue opsins, respectively (Szél et al., 1988) , were a generous gift from Dr. Agoston Szél (Semmelweis University, Budapest, Hungary).
Western blot analysis of recombinant GRKs and mammalian retina extracts
Histidine-tagged (6xhistidine) GRK7 and GRK1 cDNAs were ligated to pcDNA1/Amp (Invitrogen, C arlsbad, CA) for expression in human embryonic kidney-293 (H EK-293) cells, as described previously (Weiss et al., 1998) . Three days after transfection, the cells were solubilized in buffer containing 20 mM H EPES, pH 7.2, 250 mM NaC l, 2 mM EDTA, 0.02% Triton X-100, 1 mM DTT, 0.5 M NaF, 20 g/l leupeptin, and 20 g/l benzamidine. After centrif ugation, the lysates were diluted to 50% with glycerol and stored at Ϫ20°C. Protein concentrations were determined using the Bio-Rad DC assay kit (Bio-Rad, Hercules, CA). All of the GRK7 and GRK1 proteins expressed in H EK-293 cells were shown to be f unctional, on the basis of their ability to phosphorylate rhodopsin in a light-dependent manner (data not shown) (Weiss et al., 1998) . Retinas were solubilized in buffer containing 6.25 mM Tris-HC l, pH 6.8, 2% SDS, and 10% glycerol. T wenty micrograms of H EK-293 cell extracts, 20 g of 13-lined ground squirrel (Spermophilus tridecemlineatus), eastern chipmunk (Tamias striatus), pig, mouse, and bovine retina extracts, or 40 g of monkey or dog retina extracts was separated by SDS-PAGE and transferred electrophoretically to poly vinylidene difluoride membrane. Membranes were immunoblotted with anti-ground squirrel GRK7, anti-pig GRK7, or anti-GRK1 (D11) at 1:2000, 1:4000, and 1:10,000 dilutions, respectively. Anti-mouse or anti-rabbit alkaline phosphatase secondary antibodies (C ell Signaling Technology, Beverly, M A) were used at a dilution of 1:2000.
Immunocytochemistry
Ground squirrel, pig, dog, monk ey, and mouse retinas. All animals used in these studies were treated according to the Association for Research in Vision and Ophthalmology Statement for the Use of Animals in Ophthalmic and Vision Research. Ground squirrels were obtained from TL S Research (Bartlett, IL). Pig, dog, and monkey eyes were obtained from the Departments of C ardiology and Surgery at the University of North C arolina at Chapel Hill. Mice and rats were obtained from Charles River Laboratories (Wilmington, M A) and Z ivic-Miller (Pittsburgh, PA), respectively. Eyes from euthanized animals were fixed in 4% paraformaldehyde in PBS for ϳ20 hr at 4°C. The eyes were cryoprotected sequentially in 10, 20, and 30% sucrose, frozen in O.C.T. Compound or homogenized chicken liver, and then sectioned at 10 m. Sections were post-fixed for 20 min with 4% paraformaldehyde in PBS at room temperature and rinsed four times with PBS. They were permeabilized with 0.2% Triton X-100 in PBS for 10 min, rinsed three times for 5 min each in Tris-buffered saline (TBS), and blocked for 1 hr at room temperature in TBS containing 5% normal goat serum, 5% BSA, and 0.1% Triton X-100. The samples were then incubated with primary antibodies at appropriate dilutions in TBS containing 5% BSA and 0.1% Triton X-100 overnight in a humidified chamber at 4°C. The sections were rinsed three times with TBS containing 0.1% Triton X-100 (TBST), once with TBS, then incubated in Oregon Green-conjugated goat anti-mouse secondary antibody (1:2000 dilution) or Texas Red-conjugated goat anti-rabbit (1:2000 dilution; Molecular Probes, Eugene, OR) in TBS containing 5% BSA and 0.1% Triton X-100 for 2 hr at 37°C. Sections were again rinsed three times with TBST and once with TBS, then coverslipped with Gel / Mount Aqueous Mounting Media (Fisher Scientific, Houston, TX) for visualization using a Nikon E400 fluorescence microscope. Images were recorded with a Spot-RT camera. For some experiments, competing peptides were preincubated with antibody overnight at 4°C at a 500-fold molar excess, then centrif uged to remove antibody -antigen complexes. The supernatant was incubated with sections as described above.
Human retinas. Human eyes were obtained from the Alzheimer's Disease C enter at the Keck School of Medicine of the University of Southern C alifornia and the A. Ray Irvine, Jr. Ophthalmic Pathology Laboratory, Doheny Eye Institute, the University of Southern C alifornia (IRB# 845011). Eyes with a postmortem time of 3-8 hr were fixed in either 10% buffered formaldehyde or 4% paraformaldehyde and pro-cessed as described previously (Z hu and Craft, 2000; Z hang et al., 2001 ). The eyes were dehydrated overnight using an automated Shandon C itadel 2000 dehydrator, embedded, oriented sagittally for 6 m sections through the optic nerve with a JUNGRM2035 macrotome (Leica, Foster C ity, CA), and subjected to immunohistochemical staining.
Immunocytochemistry was performed as described (Z hu and Craft, 2000) , with a few modifications. After deparaffination and hydration through graded alcohols, the sections were heated in 0.01% sodium citrate buffer, pH 6.0, for 20 min for antigen retrieval. After cooling to room temperature and rinsing with PBS, they were blocked with 3% H 2 O 2 and 5% normal goat serum before incubation with anti-ground squirrel GRK7 peptide antibody (1:500) overnight at 4°C. After the washing steps, the sections were reacted for 30 min at room temperature with biotinylated anti-rabbit IgG and washed for 50 min at room temperature with Vectastain Elite ABC Reagent (Vector Laboratories, Burlingame, CA). After washing, the sections were reacted with freshly prepared peroxidase substrate (diaminobenzidine tetrahydrochloride, Vector Laboratories) for at least 1 min, rinsed with water, dehydrated through graded alcohols, and cleared with xylene. For controls, the primary antibody incubation was omitted (data not shown). The specificity of the antibody was confirmed by preabsorption with synthetic peptides corresponding to amino acids 525-539 of ground squirrel GRK7 or to amino acids 530 -544 of human GRK7 (see Fig. 1 ). A 500-fold molar excess of peptide was mixed with antibody for 2 hr at 4°C before incubation with sections. E xamination and photography were performed using a Nikon light microscope and a Spot digital camera.
RESULTS
Cloning of GRK7 from pig and human retinas
To characterize the expression of GRK7 in rod-dominant mammals, the cDNA was isolated from human and pig retina cDNA libraries. The human and pig GRK7 cDNAs are 3186 and 2453 bp in length, respectively, including a coding region of 1659 bases corresponding to a predicted 553 amino-acid polypeptide. Radiation hybrid analysis links the human gene to the marker D3S1309 located at 3q23 in the human genome. This locus is not presently associated with any inherited retinal diseases. A BLAST search of the recently released working draft of the Human Genome Project (http://www.ncbi.nlm.nih.gov/genome/guide/human/) also places GRK7 on chromosome 3. An analysis of the intron/exon organization using the information from the Human Genome Project shows that the GRK7 gene has 3 introns, fewer than any other GRK examined [GRK1, 6 introns (Khani et al., 1996) ; GRK2, 20 introns (Penn and Benovic, 1994) ; GRK4/5/6, 15 introns (Premont et al., 1996 (Premont et al., , 1999 ]. One of the intron/exon boundaries in GRK7 between is at the same position as in the GRK4/5/6 family (Premont et al., 1999) , within the highly conserved subdomain I of the catalytic domain (Hanks et al., 1988) . The other intron/exon boundaries are unique, suggesting an ancient divergence of GRK7 from the GRK1, GRK2/3, and GRK4/ 5/6 subfamilies.
The human GRK7 amino acid sequence was compared with those from the pig, ground squirrel, and medaka fish (Oryzias latipes) and with human GRK1 (Fig. 1) . Human GRK7 is 85% identical to pig GRK7 and 59% identical to GRK7 from the medaka fish at the amino acid level (Table 1) . A comparison of GRK7 with the amino acid sequences of other human GRKs demonstrated that GRK7 is closest in homology to GRK1. Human GRK7 is 47, 46, and 43% identical to human, bovine, and medaka fish GRK1, respectively. Like GRK1, all of the GRK7 proteins contain a CaaX motif that is predicted to code for isoprenylation and carboxymethylation of the C terminus (Clarke, 1992) . GRK7 is predicted to be geranylgeranylated, whereas all forms of GRK1, except chicken GRK1 (Zhao et al., 1999) , are predicted to be farnesylated. GRK 1 contains two major sites of autophosphorylation at Ser-491 and Thr-492, as well as a minor site at Ser-21 (Palczewski et al., 1992) . Of these three sites, only Ser-491 is conserved in GRK7 (Fig. 1 ) (Ser 490 in HGRK7). The site corresponding to Thr-492 is a glutamic acid residue in GRK7. This region in GRK2 and GRK3 is negatively charged, consisting of an Asp-Glu-Glu-Asp sequence (Benovic et al., 1989 (Benovic et al., , 1991 . Previously, we demonstrated that ground squirrel GRK7 could be autophosphorylated (Weiss et al., 1998) , although the function of this modification has not been determined. Mutational analysis of the autophosphorylation sites in GRK1 suggests that autophosphorylation may control selectivity of the substrate phosphorylation sites on rhodopsin, the ability to phosphorylate rhodopsin in the dark, and the affinity for ATP . The role of autophosphorylation in the function of GRK7 is the focus of future studies.
Western blot of recombinant GRK7 and GRK1
To determine the distribution of GRK7 in the retinas of different mammals, two antibodies were generated against synthetic peptides corresponding to amino acids 530 -544 and 525-539 near the C terminus of pig and ground squirrel GRK7, respectively (Fig.  1 ). This region has little homology with other GRK family members. The antibodies were tested for selective recognition of GRK7 and GRK1 using recombinant proteins expressed in HEK-293 cells (Fig. 2) . Both antibodies recognize recombinant human, pig, and ground squirrel GRK7. In contrast, neither antibody reacts with human or bovine GRK1. A monoclonal antibody that recognizes the N-terminal half of human GRK1 (D11) detected recombinant human GRK1 in Western blots but did not react with any of the recombinant GRK7 proteins (Fig. 2) . Recombinant bovine GRK1 was barely detected by this antibody, probably because of significant differences in sequence within the epitope compared with the human protein. The results demonstrate that these antibodies can discriminate between GRK7 and GRK1 and can be used to determine the expression and cellular location of these kinases in mammalian retinas.
Detection of GRK7 and GRK1 in mammalian retinal extracts
The expression of GRK7 was examined in extracts from several rod-and cone-dominant mammals by Western blot analysis using the anti-GRK7 and anti-GRK1 antibodies defined in Figure 2 . Figure 3 demonstrates that both anti-GRK7 antibodies recognize a band in pig, ground squirrel, chipmunk, bovine, and dog retina extracts corresponding to 62 kDa, the estimated molecular size for GRK7. The antibody directed against ground squirrel GRK7 also detected a band of similar size in monkey retina extracts. In contrast, neither antibody detects a protein of the expected molecular size in mouse or rat retina extracts, although the antiground squirrel GRK7 antibody does detect bands ϳ7 kDa below the predicted molecular size of GRK7. Either GRK7 is not present in these rodents or the sequence is sufficiently different to prevent recognition. Subsequent attempts to clone GRK7 from mouse and rat cDNA and from several mouse genomic libraries were unsuccessful, suggesting that mice (and perhaps rats) may not have the gene for GRK7.
D11, the anti-GRK1 antibody characterized in Figure 2 , recognizes a doublet at ϳ63 kDa in all rod-dominant species except bovine retina. This doublet may be phosphorylated and nonphosphorylated forms of GRK1 or, alternatively, splice variants of the GRK1 gene, GRK1a and GRK1b, first identified in human retinas . In those studies, GRK1a was shown to be the more abundant, active form of GRK1. We could not detect GRK1 in bovine, ground squirrel, and chipmunk retinas. This is proba- Figure 1 . Sequence comparison between human (HGRK7 ), pig (PGRK7 ), ground squirrel (GGRK7 ), medaka (MGRK7 ) GRK7, and human GRK1 (HGRK1). Areas in black represent amino acid sequence that is identical to human GRK7. Areas in gray represent amino acid sequence that is conserved with human GRK7. The asterisk marks a potential autophosphorylation site in GRK7 and GRK1. The bar ( ] ) marks the peptide sequence in pig and ground squirrel GRK7 used for generating peptide antibodies. The four dots (••••) mark the CaaX motif that encodes a site for isoprenylation. Sequence analysis was performed with the computer program Multiple Sequence Alignment from the Vector NTI software package (InforMax) using the Clustal W algorithm.
bly attributable to a lack of sequence similarity in the epitope rather than the absence of GRK1 in these samples, because GRK1 is abundant in bovine retinas and a fragment of the cDNA has been cloned from ground squirrel retinas (Weiss et al., 1998) .
Distribution of GRK7 and GRK1 in cone-and rod-dominant mammals Ground squirrel retinas
Approximately 90 -93% of the photoreceptor cells in the 13-lined ground squirrel retina are classified as cones by morphological and biochemical criteria (West and Dowling, 1975; von Schantz et al., 1994) . Staining of ground squirrel retina sections with the anti-ground squirrel GRK7 antibody demonstrates that GRK7 is expressed in the majority of the photoreceptor cells and is concentrated in the outer and inner segments (Fig. 4 A) . In contrast, an antibody directed against rhodopsin stained only a few of the photoreceptors, identifying them as rods (Fig. 4 B) . An overlay of these two images demonstrates that ground squirrel GRK7 is expressed only in cones and is excluded from the rods expressing rhodopsin (Fig. 4C) . Although we have determined that the Figure 4 . GRK7 expression in the 13-lined ground squirrel retina. Ground squirrel eyes were fixed, enucleated, frozen, and sectioned as described in Materials and Methods. The sections were stained with anti-GS GRK7 ( A) or anti-rhodopsin ( B) antibodies, both at 1:100 dilution, and visualized with secondary antibodies conjugated to Texas Red or Oregon Green, respectively. An overlay of the two images demonstrates no overlap between GRK7 and rhodopsin staining ( C). Control sections were stained in the absence of primary antibody with secondary antibodies conjugated to Texas Red ( D) or Oregon Green ( E). OS, Photoreceptor cell outer segments; IS, photoreceptor cell inner segments; ONL, outer nuclear layer. The GenBank accession numbers are as follows: human GRK7, AF282269; pig GRK7, AF282270; ground squirrel GRK7, AF063016; medaka GRK7, AB009568; human GRK1, U63973; bovine GRK1, M73836; medaka GRK1, AB009569; human GRK2, X61157; human GRK3, NM_005160; human GRK4, L03718; human GRK5, NM_005308; human GRK6, L16862. Sequence identities were calculated using the computer program Multiple Sequence Alignment from the Vector NTI software package (InforMax, Bethesda, MD). Figure 2 . Western blot analysis of recombinant GRK7 and GRK1. Antibodies directed against ground squirrel GRK7 (anti-GS GRK7 ), pig GRK7 (anti-pig GRK7 ), and human GRK1 (anti-GRK1) were immunoblotted against extracts from HEK-293 cells expressing recombinant human, pig, and ground squirrel (GS) 6xhistidine-tagged GRK7 (His-GRK7 ) and human and bovine 6xhistidine-tagged GRK1 (His-GRK1) prepared as described in Materials and Methods. GS, 13-lined ground squirrel; NT, nontransfected cell lysates. Figure 3 . Western blot analysis of retinal extracts for the expression of GRK7 and GRK1. Retinal extracts were prepared from euthanized animals as described in Materials and Methods and analyzed using the anti-GRK7 and anti-GRK1 antibodies characterized in Figure 2 . The antibodies were used at dilutions of 1:2000, 1:4000, and 1:10,000 for anti-GS-GRK7, anti-pig GRK7, and anti-GRK1, respectively. GS, 13-lined ground squirrel; CM, eastern chipmunk.
ground squirrel retina expresses GRK1 mRNA (Weiss et al., 1998) , we do not have an antibody that recognizes the protein.
Therefore, the expression pattern of GRK1 in the ground squirrel was not analyzed.
Pig and dog retinas
Pigs are rod-dominant mammals that have been used as models for the study of visual signaling. Estimates of the number of cones vary from 5 to 15% of the photoreceptor cell population in pigs (Prince et al., 1960; Gerke et al., 1995) , whereas human retinas contain ϳ5-6% cones (Oyster, 1999) . Because its size and rod/ cone ratio are similar to the human eye, the pig eye has become an important model for retinal diseases such as retinitis pigmentosa (Petters et al., 1997; Li et al., 1998) . Pig retina sections were stained with anti-pig GRK7 and anti-GRK1 antibodies (Fig. 5) . GRK7 staining was most intense in the outer and inner segments of cones (Fig. 5A) , similar to the pattern in the ground squirrel retina (Fig. 4 A) . To determine the specificity of the staining for GRK7, the antibody was preabsorbed with a synthetic peptide corresponding to amino acids 530 -544 of pig GRK7 before incubation with pig retinal sections. As seen in Figure 5B , this treatment reduces cone-specific staining to levels that are comparable with the amount of staining in the absence of primary antibody (Fig. 5C ). Double-label experiments were performed to determine whether GRK7 and GRK1 are coexpressed in the same photoreceptor cells (Fig. 5D-F ) . In contrast to GRK7, which seems to be expressed only in cones (Fig. 5 A, D) , GRK1 appears to be expressed only in rods in the pig retina (Fig. 5E ), a result confirmed by overlay of the two images (Fig. 5F ). To confirm our observations regarding the distribution of GRK1, pig sections were double labeled with anti-GRK1 antibody and anti-cone opsin antibodies that recognize red/green cones (Fig. 5G ) or blue cones (Fig. 5H ) . These overlay images show that the GRK1 is not expressed in the cones of pig retinas. Dogs are also rod-dominant mammals that have been used extensively as models for the study of cone-specific and rod-cone degenerative diseases Akhmedov et al., 1998) . In dog retinas, GRK7 appears to be expressed in cones (Fig. 6 A) , and GRK1 appears to be expressed in rods (Fig. 6 B) . An overlay of the images detects no overlap in staining (Fig. 6C) , similar to the results described above for pig retinas.
Primate retinas
The retina of the rhesus monkey is similar to the human retina in its organization, visual acuity, and possession of trichromatic color vision (Wikler and Rakic, 1996) . Although these animals have fewer photoreceptor cells (63 million compared with 95 million in humans), they have very similar rod/cone ratios. In rhesus monkeys, GRK7 appears to be highly expressed in cones (Fig. 7A) ; however, GRK1 is expressed in both rods and cones (Fig. 7B ). An overlay of the images (Fig. 7C) demonstrates that GRK7 and GRK1 have similar distributions in the outer and inner segments in cones, raising the possibility that both of these kinases participate in the visual signaling pathway in cones. Human retina sections were also examined for GRK7 expression using the ground squirrel GRK7 antibody (Fig. 8, top panel ) . Immunoreactivity was observed in cone cells, similar to that seen in the retinas of rhesus monkeys (Fig. 7A) . The staining was particularly intense in the outer segments. To confirm that this staining is specific for GRK7, the antibody was preabsorbed with either the ground squirrel peptide (amino acids 525-539) (Fig. 8,  middle panel ) or a peptide corresponding to the human GRK7 sequence (amino acids 530 -544) (Fig. 8, bottom panel ) . Both peptides eliminated detectable binding of the anti-GRK7 antibody to human retina sections. In contrast, GRK1 immunoreactive product was localized to both rods and cones (data not Figure 5 . GRK7 and GRK1 expression in the pig retina. Pig eyes were fixed, enucleated, frozen, and sectioned as described in Materials and Methods. The sections were stained with anti-pig GRK7 (1:250 dilution) antibody in the absence ( A) or presence ( B) of competing peptide corresponding to amino acids 525-539 of the pig GRK7 sequence. Control section (C) stained only with secondary antibody conjugated to Texas Red. A section was double labeled with anti-GRK7 ( D) and anti-GRK1 ( E) antibodies at 1:250 and 1:5000, respectively. An overlay of these two images ( F) demonstrates that GRK7 and GRK1 staining do not overlap. A section (G) double labeled with anti-GRK1 (1:500) and red/green opsin (1: 5000) antibodies suggests no expression of GRK1 in red/green cones. A section (H) double labeled with anti-GRK1 (1: 500) and blue opsin (1:5000) antibodies demonstrates no expression of GRK1 in blue cones. Control section (I) stained only with Oregon Green-conjugated secondary antibody. Abbreviations are described in the legend to Figure 4. shown), as described previously . Therefore, in both monkey and human retinas, GRK7 and GRK1 are coexpressed in cones.
Mice and rats
The ability to generate transgenic and knock-out mice targeting specific genes has been useful for elucidating the importance of a number of proteins in visual signaling. Therefore, attempts were made to localize GRK7 in the retinas of both mice and rats; however, no staining was detected using either GRK7 antibody (data not shown), consistent with no detectable GRK7 immunoreactivity by Western blot analysis (Fig. 3) and with our inability to clone GRK7 from mouse cDNA or genomic libraries, despite extensive efforts. Furthermore, the staining of mouse retinas with the anti-GRK1 antibody demonstrated that GRK1 is expressed in both rods and cones (data not shown), as described previously (Lyubarsky et al., 2000) .
The expression of GRK7 in red/green and blue cones
Pig retina sections were double labeled with anti-pig GRK7 (Fig.  9 A, D) and monoclonal antibodies against either red/green (Fig.  9B) or blue (Fig. 9E) cones to determine whether GRK7 is expressed in all populations of cones. GRK7 is detected in all cones labeled with either cone opsin antibody and is highly concentrated in both the inner and outer segments, whereas the cone opsins appear to be restricted to the outer segments of both red/green and blue cones. Overlay of these images (Fig. 9C,F ) demonstrates that the distribution of GRK7 and the cone opsins in the cone cells overlap in the outer segments. Similar results were observed in dog and monkey retinas (data not shown), indicating that GRK7 is expressed in all populations of cones in these rod-dominant mammals.
DISCUSSION
The active, meta II form of the cone opsins decays more rapidly than metarhodopsin II in rods (Shichida et al., 1994; Imai et al., 1995; Imai et al., 1997) , suggesting that the decay of the cone opsins may contribute to the rapid turnoff of visual signaling in cone cells (Cideciyan et al., 1998; Shichida and Imai, 1998) . Cone opsin phosphorylation has been demonstrated in lower vertebrates (Walter et al., 1986) , and distinct arrestins have been identified in the cones of mammals and lower vertebrates (Murakami et al., 1993; Craft et al., 1994; Maeda et al., 2000; Smith et al., 2000) . In addition, GRK1 is expressed in some mammalian cones and GRK1Ϫ/Ϫ mice exhibit slowed cone cell recovery (Lyubarsky et al., 2000) . These observations provide support for the idea that phosphorylation and arrestin binding also play a role in opsin desensitization in cones. The present study was designed to determine whether GRK7, a novel GRK expressed in cones in lower vertebrates and cone-dominant mammals, is expressed in the retinas of rod-dominant mammals and to compare its cellular location with GRK1. We have successfully cloned GRK7 from pig Figure 7 . GRK7 and GRK1 expression in the rhesus monkey retina. Monkey eyes were fixed, enucleated, frozen, and sectioned as described in Materials and Methods. Sections were double labeled with the anti-GS GRK7 antibody ( A) and anti-GRK1 ( B) at 1:100 and 1:1000 dilutions, respectively. An overlay of the two images ( C) demonstrates that GRK7 and GRK1 are coexpressed in monkey cones. Control sections were stained only with secondary antibodies conjugated to Texas Red and Oregon Green (data not shown). Abbreviations are described in the legend to Figure 4 . Figure 6 . GRK7 and GRK1 expression in the dog retina. Dog eyes were fixed, enucleated, frozen, and sectioned as described in Materials and Methods. Sections were double labeled with the anti-pig GRK7 antibody ( A) and anti-GRK1 ( B) at 1:250 and 1:5000 dilutions, respectively. An overlay of these two images ( C) demonstrates no overlap between the expression patterns of the two kinases. Control sections were stained only with secondary antibodies conjugated to Texas Red and Oregon Green (data not shown). Abbreviations are described in the legend to Figure 4 . and human retinas and have shown for several rod-dominant mammals that the expression of this newest GRK family member is concentrated in cone outer and inner segments. We have also shown that both red/green and blue cones express GRK7. The coexpression of GRK7 and GRK1 in monkey and human cone photoreceptor cells indicates that both kinases could play a role in cone opsin desensitization in primates.
An alignment of the predicted protein sequences suggests that GRK7 is geranylgeranylated, on the basis of the CaaX motif at the C terminus. In contrast, GRK1, with the exception of chicken, is farnesylated, as would be predicted from its CaaX motif, in both in vivo and in vitro studies (Anant and Fung, 1992; Zhao et al., 1999) . Previous experiments have indicated that isoprenylation is required for full activity of GRK1 (Inglese et al., 1992a,b) . An exchange of the CaaX motif in GRK1 from farnesylation to geranylgeranylation alters the light-dependent association of the kinase with the membrane (Inglese et al., 1992a) . The binding of the farnesylated protein to the membrane is light-dependent, whereas the geranylgeranylated protein is associated with the membrane in both dark and light-exposed conditions. From these results, we predict that GRK7 will be closely associated with the membrane in both dark and light conditions, which may increase the rate of phosphorylation compared with GRK1 and lead to more rapid desensitization. Conceivably, such differences in the kinetics of phosphorylation could contribute to the more rapid rate of signal turnoff observed for cones in physiological experiments. Other factors may also influence the rates of desensitization of the cone opsins. For example, the calcium sensor protein, recoverin, has been shown to block the function of GRK1 in vitro. Calmodulin has also been shown to influence the activity of other GRKs (Pitcher et al., 1998; Burgoyne and Weiss, 2001 ). The identification of potential binding partners for GRK7 and their influence on its substrate specificity and catalytic activity are areas of ongoing research in our laboratory.
Distinct but related proteins generated by gene duplication appear to play parallel roles in visual signaling in rods and cones. The expression of both rod-and cone-specific opsins, transducins, and visual arrestins is tightly regulated in the retina (Grunwald et al., 1986; Szél et al., 1986 Szél et al., , 1988 Lerea et al., 1989; Craft et al., 1994; Sakuma et al., 1996) . However, other proteins, such as the GCAPs, show more complex expression patterns. GCAP1 has been localized to both rods and cones in bovine and mouse retinas (Gorczyca et al., 1995; Howes et al., 1998) , whereas the expression of GCAP2 in rods and cones varies, depending on the species (Dizhoor et al., 1995; Otto-Bruc et al., 1997; Howes et al., 1998) . Our results indicate that GRK7 and GRK1 have a similarly complex pattern of expression. GRK1, the rod cell GRK, has been identified in the cones of human , monkey (Sears et al., 2000) , and mouse (Lyubarsky et al., 2000) retinas. Our experiments confirm this localization, using antibodies that we have determined do not cross-react with GRK7. However, we . Expression of GRK7 in red/green and blue cones in the pig retina. Pig retinas prepared as described in the legend to Figure 5 were stained with anti-pig GRK7 (A, D) and either COS-1 ( B) antibody that recognizes red/green opsin or OS-2 ( E), an antibody that recognizes blue opsin. An overlay of the images demonstrates that GRK7 is expressed in red/green cones ( C) and blue cones ( F). All white arrows point to blue cones. Abbreviations are described in the legend to Figure 4. have shown that the expression of GRK1 in cones is speciesspecific; we were unable to detect GRK1 in the cones of dog and pig retinas. GRK1 is also expressed exclusively in rods in the medaka fish (Hisatomi et al., 1998) . In contrast, GRK7 is concentrated in cones in both cone-and rod-dominant mammals (Figs. 4 -9 ) and in fish (Hisatomi et al., 1998 ). An intriguing exception is the absence of detectable levels of GRK7 in mouse and rat retinas, despite the ability of our antibodies to recognize this kinase in various other mammals. We were also unable to detect the GRK7 sequence in mouse or rat cDNA or mouse genomic libraries using probes from multiple domains of GRK7. Although we cannot entirely rule out the possibility that sequence divergence has prevented us from detecting GRK7 in the genomes of these two rodents, our results suggest that mice and rats, which have very few cones, may have lost the gene for GRK7 at some time during their evolution. Interestingly, GCAP3 also appears to be absent from mice and rats (Haeseleer et al., 1999) , suggesting that other visual signaling proteins may not be expressed in all mammalian species. The coexpression of GRK7 and GRK1 in humans and monkeys, but not in pigs, dogs, or lower vertebrates, is intriguing from an evolutionary standpoint. Whether these primates gained the ability to express both kinases or the other species lost the expression of GRK1 in cones is difficult to determine. An analysis of GRK expression patterns in retinas from a broad array of species may help to resolve this issue.
The absence of detectable levels of GRK7 in mice and rats, as well as the expression of GRK1 in the cones of some mammalian species but not others, also illustrates the problem of selecting a mammalian model for the study of human cone vision. For example, a recent report (Cideciyan et al., 1998) characterized cone signaling in patients with a form of Oguchi's disease resulting from inactivating mutations in GRK1 (Yamamoto et al., 1997) . These patients experience night blindness caused by the inability of rods to recover sensitivity after light exposure (Carr and Gouras, 1965; Carr and Ripps, 1967) . GRK1 mutations identified in patients result in reduced ability to phosphorylate rhodopsin , suggesting that a defect in rhodopsin desensitization is responsible for the pathophysiology of the disease. Electroretinograms also revealed a mild defect in cone recovery; however, GRK1Ϫ/Ϫ mice exhibit a more severe defect in recovery of cone signaling than the human patients (Lyubarsky et al., 2000) . As a control for indirect effects on cone recovery, mice with a deletion of rod arrestin (which is not expressed in cones) were also examined (Xu et al., 1997; Lyubarsky et al., 2000) . These mice do not exhibit defects in cone recovery, although they show delayed rod recovery similar to the GRK1Ϫ/Ϫ mice. These results indicate that desensitization in cones may be controlled differently in mice and humans. In the present report we have shown in monkey retinas that GRK7 and GRK1 colocalize in the inner and outer segments of cone photoreceptors and that GRK7 colocalizes with the cone opsins in the outer segments. Therefore, the expression of GRK7 in human cones may partly compensate for the loss of GRK1 in patients with the GRK1 form of Oguchi's disease. If that is the case, elucidation of the relative roles of GRK7 and GRK1 in desensitization will be of major importance in understanding human cone visual signaling.
